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(54) Image rejection in quadrature demodulators 



(57) ABSTRACT OF THE DISCLOSURE 

In a communications receiver for quadrature de- 
modulation, a feedback technique for reducing the im- 
age response of the receiver. The communications re- 
ceiver includes an I demodulator and a Q demodulator. 
A local oscillator (LO) signal is provided by a PLL to a 
quadrature LO generator that provides an LO_l signal 
to an I demodulator and an LO_Q signal to a Q demod- 
ulator. The LOJ and LO_Q signals are amplitude and 
phase-controlled versions of the LO signal. An image/ 
signal ratio (l/S) detector detects the relative phase dif- 



ference and the relative amplitude difference between 
the respective output terminals of the I demodulator and 
the Q demodulator and applies an amplitude control sig- 
nal and a phase control signal to corresponding ampli- 
tude control and phase control inputs of the quadrature 
LO generator. The l/S detector calibrates the quadrature 
LO generator during the interstitial interval between the 
reception of data packets. The control signals from the 
l/S detector adjust the relative amplitude and phase of 
the LOJ and LO_Q signals in a manner that reduces 
the image response of the communications receiver. 



FIG. 2 
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Description 

INCORPORATION BY REFERENCE 

[0001] This application, by this reference, hereby in- 
corporates the following U.S. Patent Applications, in 
their entirety: 

"Receiver Architecture Employing Low Intermedi- 
ate Frequency And Complex Filtering", to Albert Liu, 
U. S. Patent Application No. 09/592,01 6, filed June 
12,-200.-Attorney Docket No.:- M-8891 US;- - 

"Wireless Data Communications Using FIFO For 
Synchronization Memory", to Sherman Lee, Vivian 
Y. Chou, and John H. Lin, U. S. Patent Application 
No. 09/593,583, filed June 12, 2000, Attorney Dock- 
et No.: M-8741 US; 

"Context Switch Architecture And System", to Sher- 
man Lee, Vivian Y. Chou, and John H. Lin, U. S. 
Patent No. 09/592,009, filed June 12, 2000, Attor- 
ney Docket No.: M-8815 US; and 

"Dynamic Field Patchablc Microarchitecture", to 
Sherman Lee, Vivian Y. Chou, and John H. Lin, U. 
S. Patent No. 09/815,098, filed March 29 : 2001 , At- 
torney Docket No.: M-8776 US. 

FIELD OF THE INVENTION 

[0002] The invention relates to digital communica- 
tions systems and, more particularly, to a technique for 
the reduction in the image response characteristics of 
an integrated circuit receiver that incorporates l/Q de- 
modulation. 

BACKGROUND OF THE INVENTION 

[0003] l/Q (In-phase/Quadrature) modulators and de- 
modulators are widely used in digital communications 
systems. l/Q demodulators are abundantly discussed in 
the technical literature. See, for example, Behzad Ra- 
zavi, RF Microelectronics, Prentice Hall (1998) and 
John G. Proakis. Digital Communications. M cG raw- Hill 
(1 995). There exists also patent art related to the tech- 
nology of l/Q modulation and demodulation: U.S. Patent 
No. 5,974,306, entitled "Time-Share l/Q Mixer System 
With Distribution Switch Feeding In-Phase and Quadra- 
ture Polarity Inverters" to Hornak, et af. ; U.S. Patent No. 
5,469,126, entitled "l/Q Modulator and l/Q Demodula- 
tor" to Murtojarvi. 

[0004] Examples of system applications that incorpo- 
rate and standardize l/Q modulation and demodulation 
include the GSM (Global System for Mobile Communi- 
cations), IS-136 (TDMA), IS-95 (CDMA), and IEEE 
802.11 (wireless LAN). l/Q modulation and demodula- 
tion have also been proposed for use in the Bluetooth 



wireless communication systems. 
[0005] Bluetooth is a low-power radio technology be- 
ing developed with a view to substituting a radio link for 
wire and cable that now connect electronic devices, 

5 such as personal computers, printers and a wide variety 
of handheld devices, including palm-top computers, and 
mobile telephones. The development of Bluetooth be- 
gan in early 1998 and has been promoted by a number 
of telecommunications and computer industry leaders. 

to The Bluetooth specification is intended to be open and 
royalty-free and is available to potential participants as 
- a guide to the development of compatible products. - - 
[0006] The Bluetooth system operates in the 2.4GHz 
ISM (Industrial, Scientific, Medical) band, and devices 

15 equipped with Bluetooth technology are expected to be 
capable of exchanging data at speeds up to 720 Kbs at 
ranges up to 10 meters. This performance is achieved 
using a transmission power of 1mw and the incorpora- 
tion of frequency hopping to avoid interference. In the 

20 event that a Bluetooth-compatible receiving device de- 
tects a transmitting device within 1 0 meters, the receiv- 
ing device will automatically modify its transmitting pow- 
er to accommodate the range. The receiving device is 
also required to operate in a low-power mode as traffic 

25 volume becomes low, or ceases altogether. 

[0007] Bluetooth devices are capable of interlinking to 
form piconets, each of which may have up to 256 units, 
with one master and seven slaves active while others 
idle in a standby mode. Piconets can overlap, and 

30 slaves can be shared. In addition, a form of scatternet 
may be established with overlapping piconets, thereby 
allowing data to migrate across the networks. 
[0008] An example of a Bluetooth-compliant digital 
communications receiver that incorporates an l/Q de- 

35 modulator is depicted in Figure 1 . As may be seen from 
Figure 1 , the receiver includes an antenna 1 0 that inter- 
cepts a transmitted RF signal. The signal received by 
antenna 1 0 is filtered in a RF bandpass filter (BPF) 11 . 
BPF 11 may be fixed-tuned or tunable and will have a 

40 nominal center frequency at the anticipated RF carrier 
frequency. The bandwidth of BPF will be designed as 
appropriate to the overall receiver system design re- 
quirements and constraints. One salient purpose of BPF 
11 is to effect rejection of out-of-band RF signals, that 

45 is, rejection of signals at frequencies other than the fre- 
quency of the desired RF carrier. Front-end selectivity 
is an important factor in minimizing the receiver's sus- 
ceptibility to intermodulation and cross-modulation in- 
terference. In addition, and contextually more relevant, 

50 BPF 11 selectivity contributes to the image-rejection 
characteristics of the receiver. 

[0009] In general, image rejection refers to the ability 
of the receiver to reject responses resulting from RF sig- 
nals at a frequency offset from the desired RF carrier 
55 frequency by an amount equal to twice the intermediate 
frequency (IF) of a dual-conversion receiver. For exam- 
ple, if the desired RF signal is at 100 MHz, and the re- 
ceiver IF is 10.7 MHz, than the receiver local oscillator 
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(LO) will be tuned to 89.3 MHz. However, as is well 
known to those skilled in the art, the receiver will also 
exhibit a response to undesired RF signals at frequency 
1 0.7 MHz belowihe LO frequency, that is 78.6 MHz. The 
receiver's response to the 78.6 MHz signal is referred 
to as the image response, because the image signal re- 
sides at a frequency opposite the LO frequency as the 
desired RF carrier, and offset from the LO frequency by 
the magnitude of the IF. 

[0010] Referring still to Figure 1 , the output of BPF 1 1 
is coupled to the input of a low-noise amplifier (LNA) 1 2. 
LNA 12 is designed to raise the level of the input RF 
signal sufficiently to effectively drive the receiver's mixer 
circuitry. In addition, LNA 12 largely determines the re- 
ceiver's noise figure. 

[001 1 ] The output of LNA 1 2 is coupled to the receiv- 
er's mixer/demodulator functional block. The mixer/de- 
modulator includes a quadrature demodulator, including 
I demodulator 13 and Q demodulator 14. As is common- 
place in contemporary receiver design, the receiver in- 
corporates a digital, frequency-synthesized LO function, 
performed by a voltage-controlled oscillator (VCO) 15, 
driven by a phase-locked loop (PLL) 16. For a compre- 
hensive exposition of digital frequency-synthesis tech- 
niques, see William F. Egan, Frequency Synthesis by 
Phase Lock, John Wiley & Sons, Inc., (2000). The LO 
signal is coupled to an input of phase-shifter 17. In a 
manner well understood by artisans, phase-shifter 17 
delivers an in-phase version of the LO, LO_l signal 13a, 
to I demodulator 13 and a quadrature (90° phase shift- 
ed) version of the LO, LO_Q signal 14a, to Q demodu- 
lator 1 4. The respective demodulated outputs of demod- 
ulators 13 and 14 constitute, respectively, the demodu- 
lated I and Q signals. 

[0012] An ideal l/Q demodulation receiver, as de- 
scribed above, is theoretically capable of infinite image 
rejection. However, the theoretical assumption is pred- 
icated on perfectly matched I and Q channels. Because 
state-of-the art semiconductor device design and fabri- 
cation does not admit of perfect matching between de- 
vices, even devices on the same die, some degree of 
mismatch between the I and Q channels is inevitable. 
In fact, the mismatch between devices on a semicon- 
ductor wafer is known to be dependent on the physical 
size of the devices. This dependency may be predicted 
by the following relationships that quantify the standard 
deviation in threshold voltage o vf , and p, o p , for a MOS 
device: 



°v\ = 



30( millivolt- micrometer) 
JWxL 



and 



_ 0.09{micrometer) 

op im ' 



where 

WxL is total area occupied by the device on the 
semiconductor die. 

[0013] As is immediately apparent from the above, 

5 deviations in critical CMOS device parameters vary in- 
versely with the area occupied by the device. Because 
lower frequencies of operation permit larger device ge- 
ometries, mismatch in a receiver IF section tends to be 
ameliorated as the IF is reduced. 

io [0014] It has been empirically determined that con- 
temporary semiconductor fabrication processes result 
in I channel and Q channel matching that limits image 
rejection to approximately 30 to 35 db. In systems im- 
plemented with CMOS technology, virtually mandatory 

is when power consumption is a paramount design con- 
sideration, not even this level of performance is realiz- 
able. This detriment derives from the fact that CMOS 
devices tend to demonstrate less favorable matching 
characteristics. Given that a 35 db image rejection spec- 

20 jfication is considered marginal for most digital commu- 
nication receiver applications, the problems confronted 
in a CMOS-based design are glaringly apparent. 
[0015] Accordingly, what is desired is a solution that 
enhances the image- reject ion performance of digital 

25 communication receivers that are implemented with in- 
tegrated circuit technology. Although the solution is not 
limited in applicability of designs implemented in CMOS 
technology, the invention is particularly advantageous 
in that context. 

30 

SUMMARY OF THE INVENTION 

[0016] The above and other objects, advantages and 
capabilities are achieved in one aspect of the invention 

35 by a communications receiver that comprises a carrier 
signal source; a first demodulator having a first input 
coupled to an output of the carrier signal source; a sec- 
ond demodulator having a first input coupled to an out- 
put of the carrier signal source; a local oscillator (LO) 

40 signal source; a quadrature phase shifter having an LO 
input coupled to the LO signal source, an in-phase (I) 
output coupled to a second input of the first demodula- 
tor, and quadrature (Q) output coupled to a second input 
of the second demodulator, and an image/signal ratio 

45 detector having a first input coupled to an output of the 
first demodulator, a second input coupled to an output 
of the second demodulator, and an output coupled to 
the quadrature phase shifter for adjusting the I output of 
phase shifter and the Q output of phase shifter so as to 

50 adjust the image response of the communications re- 
ceiver. 

[0017] Another aspect of the invention is apparent in 
a feedback loop for controlling the image response of a 
communications receiver that, typically, includes a car- 
55 rier signal source, a local oscillator (LO) signal source, 
an in-phase (I) demodulator and a quadrature (Q) de- 
modulator. The feedback loop comprises a quadrature 
LO generator for providing an LOJ signal to the I de- 
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modulator and an LO_Q signal to the Q demodulator, 
wherein the LO_l and LO_Q signals are amplitude-con- 
trolled and phase-controlled versions of the LO signal 
provided by the LO signal source. The feedback loop 
also comprises an image/signal ratio (l/S) detector for 5 
detecting the amplitude difference and the phase differ- 
ence between the respective outputs of the I demodu- 
lator and the Q demodulator and for adjusting the re- 
spective relative amplitudes and phases of the LOJ and 
LO_Q signals in response to the detected amplitude dif- 10 
ference and phase difference. 
- - [0018] -The invention may also be practiced as a meth- 
od for adjusting the image response of a communica- 
tions receiver that includes in-phase (I) and quadrature 
(Q) demodulators. The method comprises the acts: syn- 15 
thesizing an LO signal: deriving an LOJ signal from the 
LO signal; deriving an LO_Q signal from the LO signal; 
detecting an amplitude control signal that results from 
an amplitude mismatch between an I channel and a Q 
channel of the communications receiver; detecting a 20 
phase control signal that results from a phase mismatch 
between the I channel and the Q channel; adjusting the 
relative amplitudes of the LOJ and the LO_Q signals in 
response to the amplitude control signal; and adjusting 
the relative phases of the LOJ and the LO_Q signals in 25 
response to the phase control signal, wherein the ad- 
justments to the relative respective amplitudes and the 
relative respective phases of the LOJ and LO_Q sig- 
nals operate to compensate for mismatch between the 
I channel and the Q channel in a manner that reduces 30 
the image response of the receiver. 
[0019] The invention is additionally embodied in a 
mixer for a communications receiver. The mixer com- 
prises an I demodulation channel including an I demod- 
ulator; a Q demodulation channel including a Q demod- 35 
ulator; a quadrature LO generator for coupling to a 
source of LO signals, the quadrature LO generator for 
developing an LOJ signal coupled to the I demodulator 
and an LO_Q signal coupled to the Q demodulator, 
wherein the LOJ and LO_Q signals are adjusted in am- 40 
plitude and phase in response to mismatch between the 
I and Q channels, wherein the quadrature LO generator 
comprises: a polyphase filter having an input for cou- 
pling to the source of LO signals, and having an LOJ 
output and an LO_Q output; an LOJ buffer having an 45 
LOJ input coupled to the LOJ output of the polyphase 
filter and having an LOJ output coupled to the I demod- 
ulator, and an LO_Q buffer having an LO_Q input cou- 
pled to the LO_Q output of the polyphase filter and hav- 
ing an LO_Q output coupled to the Q demodulator; and 50 
an l/S detector for synthesizing an amplitude control sig- 
nal and a phase control signal in response to mismatch 
between the I and the Q channels, the l/S detector hav- 
ing (i) inputs coupled to outputs of the I and the Q de- 
modulators, (ii) an output for applying an amplitude con- 55 
trol signal to an amplitude control input of the quadrature 
LO generator, and (iii) an output for applying an phase 
control signal to a phase control input of the quadrature 
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LO generator, the l/S detector comprising: a rotator hav- 
ing inputs coupled to the outputs of the I and the Q de- 
modulators and having first and second I and Q outputs; 
an amplitude meter coupled to the first I and Q output 
of the rotator for developing the amplitude control signal ; 
and a phase meter coupled to the second I and Q output 
of the rotator for developing the phase control signal. 
[0020] The invention may also be perceived as a 
method for calibrating a communications receiver that 
includes (i) an I demodulation channel including an I de- 
modulator, (ii) a Q demodulator channel including a Q 
demodulator; and (iii) a quadrature'LO generator having 
an input coupled to a source of LO signals and that pro- 
vides an LOJ signal to the I demodulator and an LO_Q 
signal to the Q demodulator. The caiibration method 
comprises the acts: (a) during an interval during which 
no information is received by the communications re- 
ceiver, applying an RF test tone to the inputs of the I 
demodulation channel and the Q demodulation channel; 
(b) time multiplexing a first LO signal and a second LO 
signal to the input of the quadrature LO generator so as 
to simulate the appearance of both a desired RF signal 
and an image signal at the input of the communications 
receiver; (c) detecting a signal, V s IM , resulting from the 
response of the communications receiver to the simu- 
lated image signal; (d) extracting from V s , M an ampli- 
tude control signal is proportional to the amplitude mis- 
match between the I and the Q channels and a phase 
control signal that is proportional to the phase mismatch 
between the I and the Q channels; and (e) adjusting the 
relative amplitudes of the LOJ and the LO_Q signals in 
response to the amplitude control signal and adjusting 
the relative phases of the LOJ and the LO_Q signals in 
response to the phase control signal wherein the adjust- 
ments to the relative respective amplitudes and the rel- 
ative respective phases of the LOJ and LO_Q signals 
operate to reduce the image response of the receiver. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] The subject invention may be better under- 
stood, and its numerous objects, features and advan- 
tages made apparent to those skilled in the art, with ref- 
erence to the following Drawings, wherein: 

Figure 1 is a system block diagram of a convention- 
al digital communications receiver predicated on I/ 
Q demodulation. 

Figure 2 is a system block diagram of an l/Q demod- 
ulation receiver that incorporates aspects of the 
subject invention, including a quadrature LO gener- 
ator, with amplitude and phase control provided by 
an l/S detector. 

Figure 3 is a block diagram of an Image/Signal Ra- 
tion (US) Detector used in connection with the sub- 
ject invention. 
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Figure 4A is a block diagram of the quadrature LO 
generator depicted in Figure 2, including a poly- 
phase filter and gain-controlled LOJ and LO_Q 
buffers. 

Figure 4B is a generalized circuit diagram of the 
polyphase filter. 

Figure 4C is a simplified circuit diagram illustrating 
an example of the manner in which the polyphase 
filter may be tuned (phase-controlled) with a volt- 
age-variable capacitor. 

Figure 4D is a circuit diagram of the buffers depicted 
in Figure 4A. 

DETAILED DESCRIPTION 

[0022] For a thorough understanding of the subject in- 
vention, reference is made to the following Description, 
including the appended Claims, in conjunction with the 
above described Drawings. 

[0023] Referring now to Figure 2, the subject receiver 
with image-rejection digital l/Q demodulator is seen to 
be in many respects similar to the digital l/Q demodula- 
tion receiver depicted in Figure 1 . A salient departure is 
the substitution of the phase shifter 17 in Figure 1 with 
the quadrature LO generator 21 in the receiver of Figure 
2. In addition, and in a manner to be more completely 
described below, the operation of quadrature LO gener- 
ator 21 is controlled by an image/signal ratio (l/S) de- 
tector 22 that applies amplitude control and phase con- 
trol signals to quadrature LO generator 21 in a manner 
that adjusts the LOJ and LO_Q signals to the I demod- 
ulator 13 and to the Q demodulator 14 respectively, so 
as to reduce the image response of the receiver. 
[0024] With continued reference to Figure 2, opera- 
tion of the subject invention may be understood to pro- 
ceed as follows. The demodulated I output from I de- 
modulator 1 3 is fed into one input of l/S detector 22, and 
the demodulated Q output of Q demodulator 14 is fed 
into a second input of the l/S detector. A detailed depic- 
tion of the l/S detector is provided in Figure 3. l/S detec- 
tor 22 is seen in Figure 3 to include a pair of A/D con- 
verters 211 and 212, respectively, at the input of the l/S 
detector. In practice, A/D converters 211 and 212 may 
both be 10-bit converters. However, A/D conversion at 
the input of the l/S detector is required only in systems 
that deliver analog outputs at demodulators 13 and 14. 
In systems that provide digital signals at the demodula- 
tor outputs, A/D conversion at the l/S detector input may 
be eliminated. The outputs of the A/D converters are 
coupled to the respective I and Q inputs of 900 ° rotator 
213. Rotator 213 imparts an additional 90° phase shift 
between the I and the Q signals, so that at the output of 
the rotator, the I and Q signals are 180° out of phase. 
Rotator 213 provides a first pair of I and Q signals from 
terminals 213a and 213b to the inputs of amplitude me- 
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ter 21 4 and provides a second pair of and Q output sig- 
nals from terminals 21 3c and 21 3d to the inputs of phase 
meter 215. The amplitude control output 22c of the l/S 
detector is applied to an amplitude control input of the 
quadrature LO generator 21. The phase control output 
22d of the l/S detector is applied to the phase control 
input of quadrature LO generator. As may be anticipat- 
ed, the amplitude control signal at output 22c is propor- 
tional to the relative amplitudes ofthe demodulated I and 
Q signals. Similarly, the phase control signal at output 
22d is proportional to the phase difference between the 
demodulated I and Q signals. The amplitude control sig- 
nal and the phase control signal are measures of the 
mismatch between the I and Q channels. The manner 
in which the control signals are synthesized may be ac- 
quired with continued reference to Figure 3. 
[0025] Simply, operation of l/S detector 22 is predicat- 
ed on the application of a test tone, at the anticipated 
RF carrier frequency, to the input of the mixer of the dig- 
ital receiver, that is, at the node occupied in common by 
the inputs ofthe I and Q demodulators. The LO frequen- 
cy is adjusted first to run at a frequency (RF-IF), and 
then at a frequency (RF + IF). Consequently, IF signals 
are generated in a manner that is generally equivalent 
to the appearance of input signals at both the anticipated 
RF carrier frequency, and at an image frequency. 
Viewed alternatively, the variation in LO frequency sim- 
ulates the appearance of an image signal at the input of 
the receiver. 

[0026] The two IF signals, due to desired RF carrier 
and to image signal , respectively, are time duplexed and 
appropriately processed into a first signal that is propor- 
tional to the amplitude difference between LO_l and 
LO_Q, and into a second signal that is proportional to 
the phase difference between LOJ and LO_Q. The the- 
oretical basis for this signal processing follows. 
[0027] Assume that the RF and image signals are re- 
spectively referred to as V RF and V !M . Then the down- 
converted IF signals are V, RF , V Q RF , V, , M , and V Q , M , 
respectively. After down conversion, and filtering of 
high-frequency components, the following signals re- 
main: 

v lo = V 2 cos (^LC-t) 
V,,rf = 1 ^V 1 V 2 COS((0 |F t) 

V Q.RF = - 1/2V 1 V 2 COS((0 IF t) 
V UM = ^ V 1 V 2 COS(0> |F t) 
V Q.IM = ^ V 1 V 2 COS((0 |F t) 
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[0028] Ideally, subtraction of the I and Q components 
of the RF and IM signals results in the relationships: 

V IF RF = V 1 V 2 cos(« IF t) 
Vim - 0. 

[0029] The results above indicate that if the I and the 
Q demodulator channels are precisely matched, V )FIM 
- =-0^That is, the image signal will be entirely-rejected. 
[0030] However, as suggested above, realizable 
semiconductor implementations, specifically, CMOS 
implementations, do not enable precisely matched I and 
Q channels. Mismatch between the ! and Q channels 
may be modeled mathematically as mismatch between 
the LOJ and the LO_Q signals 13b and 14b, respec- 
tively. Accordingly: 

v loj = v 2 cos^lo 1 ) 

V LO.O = ( V 2 + AV 2> COS((0 LO t + A0>), 

where AV and AO> represent the amplitude mismatch 
and the phase mismatch, respectively, of the I and Q 
channels. As a result an image component will contam- 
inate the down-converted IF signal. The summed signal 
corresponding to the image response is : 

v S,im = _1/2 V 1 cos(o) |F t) AM + ^ V 1 V 2 sin((o, F t) A<E>. 

[0031] It is apparent that unwanted image signal con- 
sists of two components. The first component is propor- 
tional to the amplitude mismatch between the I and Q 
channels; and the second component is proportional to 
the phase mismatch. A straightforward mathematical 
operation, as may be implemented in one of many com- 
mercially available DSP integrated circuit devices, may 
be employed to extract the amplitude error signal and 
the phase error signal. To wit: V s , M may be multiplied 
by cos((o, F t) to extract the amplitude error signal , and by 
sin ((o F t) to extract the phase error signal. 
[0032] In operation of the receiver the amplitude con- 
trol signal and the phase control signal are synthesized 
at intervals during which the receiver is not engaged in 
the reception and processing of information. For exam- 
ple, a Bluetooth receiver, in accordance with the subject 
invention, calibrates the I and Q channels during the in- 
terstitial time periods between reception of data pack- 
ets. During the dormant interstitial periods, an RF test 
tone is applied to the input of the mixer section of the 
receiver, that is, to the inputs of both the I demodulator 
and the Q demodulator. 

[0033] Concurrently, disparate LO signals are applied 



in a time-multiplexed mode, to the input of quadrature 
LO generator. One of the LO signals runs at the frequen- 
cy appropriate to the RF test tone so as to result in a 
desired IF output from the demodulators. The second 
5 LO signal is frequency offset from the appearance at the 
receiver input, an image signal. The response of the I 
and Q channels to the simulated image is then detected 
as described above. The amplitude control signal and 
the phase control signal are used to calibrate the I and 
10 Q channels against mismatch. 

[0034] In addition, numerous approaches are availa- 
ble to undertake the signal processing inherently the" 
subject invention. It is understood that the requisite sig- 
nal processing may be achieved in hardware, software 
*5 or a combination of the two. The partitioning of these 
functions is largely with discretion of the receiver design- 
er. However, inasmuch as the subject invention is in- 
tended to be realized, so far as practicable, in monolithic 
integrated circuit technology, it follows that use of one 
20 of the many commercially available digital signal 
processing (DSP) devices is advantageous. DSP devic- 
es and techniques are well known to skilled artisans. 
See : for example, Ralph Chassaing, Dipital Signal 
Processing: Laboratory Experiments Using C and the 
25 TMS320C31 DSK(Wiley-lntersorence 1 999). If the cal- 
ibration signals, at both the RF and image, are designed 
to span the entire dynamic range of the A/D converter, 
then the achievable image rejection is equivalent to the 
dynamic range of the A/D converter. For a 1 0-bit A/D 
30 converter, 60 db image rejection is therefore obtainable. 
[0035] To this point, a technique for developing both 
an amplitude control signal, proportional to AV, and a 
phase control signal, proportional to AO, has been fully 
explicated. Reiterating, the amplitude control signal ap- 
35 pears at output 22c, and the phase control signal at out- 
put 22d, of l/S ratio detector 22. As may be seen from 
Figure 2, these control signals are applied, respectively, 
to inputs 21a and 21 b of quadrature LO generator 21 , 
in order to control the amplitude and phase differences 
40 between LOJ, appearing at output 21 d, and LO_Q, ap- 
pearing at output 21 e, of the quadrature LO generator. 
A preferred implementation of the quadrature LO gen- 
erator is depicted in Figures 4A, 4B and 4C. 
[0036] Directing attention first to Figure 4A, the quad- 
45 rature LO generator is seen to include a polyphase filter 
41 having a balanced (differential) input 41 a coupled to 
the output of the phase-locked local oscillator. The dif- 
ferential input to the polyphase filter consists of an LOP 
and an LON input. The polyphase filter has a first differ- 
so ential output 41 c coupled to LOJ buffer 42 and a second 
differential output 41 d coupled to LO_Q buffer 43. The 
phase control output of l/S detector 22 is coupled to 
phase control input 41 b of the polyphase filter. The am- 
plitude control output of l/S detector22 is coupled to am- 
55 plitude control input 42b of LOJ buffer 42 and to the 
amplitude control input 43b of LO_Q buffer 43. 
[0037] An exemplary embodiment of the polyphase 
filter is depicted in Figure 4B, in which the polyphase 
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filter may be seen to be implemented in the form of an 
array of tunable capacitors. The array illustrated in Fig- 
ure 4B may be defined in terms the set of circuit nodes 
that consist of input nodes LOP and LON, output nodes 
LOJP, LO_QR LOJN and LO_QN, internal nodes 421 , 
422, 423, 424, and a reference node GND. Each of the 
internal nodes is coupled through an associated capac- 
itance to a respective output node. In addition, node 421 
is coupled through a capacitance to node GND, node 

422 is coupled through a capacitance to node LOP, node 

423 is coupled through a capacitance to node GND, and 
node 424 is coupled through a capacitance to node 
LON. Also, each of the internal nodes, 421, 422, 423 
and 424, is coupled through an associated resistance 
to an output node. In addition, node 421 is coupled 
through a resistance to node LOP, node 422 is coupled 
through a resistance to node GND, node 423 is coupled 
through a resistance to node LON, and node 424 is cou- 
pled through a resistance to node GND. The values for 
the resistances and capacitances depicted in the poly- 
phase filter array of Figure 4B are determined primarily 
with respect to the operating frequency of the LO signal 
source and are easily determined by those skilled in the 
art. Figure 4C depicts the manner in which a phase con- 
trol voltage may be applied to a voltage-tunable capac- 
itance, such as a varactor diode, in a manner that will 
vary the capacitance of the diode. 

[0038] The output nodes of the polyphase filter are 
coupled to an LO_l buffer and to an LO_Q buffer that 
effect amplitude control in response to the amplitude 
control signal supplied by the l/S detector, Specifically, 
the differential LOJP and LOJN output of the poly- 
phase filter are applied to the differential input of LOI 
buffer42, andthe differential LO_QP and LO_QN output 
of the polyphase filter are coupled to the differential input 
of LO_Q buffer 43. For the purposes of this Description, 
the LOJ and LO_Q buffers may be understood to be 
substantially identical in form. An exemplary embodi- 
ment of such a buffer is provided in Figure 4D. 
[0039] As seen in Figure 4D, each buffer is construct- 
ed around a matched pair of transistors, M1 and M2, 
arranged in a differential amplifier configuration. In each 
buffer, the respective differential LOJ or LO_Q input is 
applied to the input of the differential amplifier, at gate 
electrodes of M1 and M2. M1 and M2 are MOSFETS 
configured in a source-coupled mode. Amplitude control 
of the input LOJ and LO_Q signals is effected by con- 
trolling the bias current flowing in M1 and M2. In the ar- 
rangement of Figure 4D a bank of constant-current 
sources 441 , 442, 443 and 444 are coupled in parallel 
to the common sources of M 1 and M2. The respective 
magnitudes of the currents sourced by sources 441, 
442, 443 and 444 are binary weighted, so that the cur- 
rent of source 442 is twice the current of source 441 , the 
current of source 443 is twice the current of 442, and so 
forth. As may he expected, the binary amplitude control 
signal from the amplitude meter of l/S detector 42 oper- 
ates to selectively render the separate binary-weighted 



current sources conductive or non-conductive, thereby 
varying the gain imparted by the differential amplifier to 
the input LOJ or LO_Q signal. As suggested in Figure 
4D, it is deemed preferable that at least one of the cur- 
5 rent sources remain continuously conductive so that M1 
and M2 are always biased with a nominal quiescent cur- 
rent flow. To this end, current source 444 remains con- 
tinuously conductive. 

[0040] Although the subject invention has been de- 
10 scribed in detail in the context of the exemplary embod- 
iments presented above, the invention, is not to be lim- 
ited to the described embodiments, but is to be afforded 
a scope commensurate with the appended Claims, and 
substantial equivalents thereof. Those having ordinary 
15 skill in the art may readily comprehend various addi- 
tions, modifications and improvements to the described 
embodiments of the invention, and all such modifica- 
tions are to be deemed within the scope of the invention . 

20 

Claims 

1 . A receiver having a carrier signal source, a local os- 
cillator (LO) signal source, an in-phasc (I) demodu- 

25 lator and a quadrature (Q) demodulator, a feedback 
loop for controlling the image response of the com- 
munications receiver, the feedback loop character- 
ized by: 

30 a quadrature LO generator coupled to provide 

an LOJ signal (13a) to the I demodulator and 
an LO_Q signal (14b) to the Q demodulator, 
wherein the LOJ and LO_Q signals are ampli- 
tude-controlled and phase-controlled versions 

35 of the LO signal provided by the LO signal 

source; and 

an image/signal ratio (l/S) detector coupled to 
detect the amplitude difference and the phase 
difference between the respective outputs of 
40 the I demodulator and the Q demodulator and 

to adjust the respective relative amplitudes and 
phases of the LOJ and LO_Q signals in re- 
sponse to the detected amplitude difference 
and phase difference. 

45 

2. A feedback loop for controlling the image response 
of a communications receiver as defined in Claim 
1 , wherein the quadrature LO generator is charac- 
terized by an LO input terminal for coupling to the 

50 LO signal source, an LOJ output terminal for cou- 
pling the LOJ signal to the I demodulator, an LO_Q 
output terminal coupling the LO_Q signal to the Q 
demodulator, an amplitude control input terminal 
and a phase control input terminal and wherein the 

55 |/s detector is characterized by an I input terminal 

coupled to the output terminal of the I demodulator, 
a Q input terminal coupled to the output terminal of 
the Q demodulator, an amplitude control output ter- 



7 



BNSDCCID: <EP 64759 A2_l_> 



13 



EP1 164 759 A2 



14 



minal coupled to the amplitude control input termi- 
nal of the quadrature LO generator for adjusting the 
relative amplitudes of the LOJ signal and the LO_Q 
signal, and a phase control output terminal coupled 
to the phase control input terminal of the quadrature 5 
LO generatorfor adjusting the relative phases of the 
LOJ signal and the LO_Q signal. 

I. A feedback loop for controlling the image response 
of a communications receiver as defined in Claim 2 10 
wherein the quadrature LO generator is character- 

- i zed by: - - - - - - 

a polyphase filter having an LO input terminal 
coupled to the LO signal source and a phase 1$ 
control input terminal coupled to the phase con- 
trol output terminal of the l/S detector; 
an LO_l buffer having an LOJ input terminal 
coupled to an LOJ output terminal of the poly- 
phase filter and an amplitude control input ter- 20 
minal coupled to the amplitude control output 
terminal of the l/S detector; and 
an LO_Q buffer having an LO_Q input terminal 
coupled to an LO_Q output terminal of the poly- 
phase filter and an amplitude control input ter- 25 
minal coupled to the amplitude control output 
terminal of the l/S detector. 

. A feedback loop for controlling the image response 
of a communications receiver as defined in Claim 3 30 
wherein the polyphase filter is characterized by an 
array of capacitors that are tunable in response to 
the phase control output of the l/S detector; and 
wherein the LOJ buffer and the LO_Q buffer each 
comprises a differential amplifier having an input 35 
terminal coupled to an output terminal of the poly- 
phase filter, and the gain of each of the differential 
amplifiers is controlled by varying the bias current 
in the respective differential amplifier in response to 
the gain control output of the l/S detector. 40 

A feedback loop for controlling the image response 
of a communications receiver as defined in Claim 2 
wherein the l/S detector is characterized by: 

45 

a rotator having an I input terminal coupled to 
the output terminal of the I demodulator and a 
Q input terminal coupled to the output terminal 
of the Q demodulator, a first output terminal, 
and a second output terminal, the rotator there- so 
by adjusting the relative phase between the 
output of the I demodulator and the output of 
the Q demodulator so as to establish a relative 
phase substantially equal to 180°; 
an amplitude meter having an input terminal 55 
coupled to the first output terminal of the rotator 
and providing an amplitude control signal at an 
output terminal; and 



a phase meter having an input terminal coupled 
to the second output terminal of the rotator and 
providing a phase control signal at an output 
terminal. 

A method for adjusting the image response of a 
communications receiver that includes in-phase (I) 
and quadrature (Q) demodulators, the method 
characterized by: 

synthesizing an LO signal; 
- deriving an LO_l signal from" the LO'signalf " 
deriving an LO__Q signal from the LO signal; 
detecting an amplitude control signal that re- 
sults from an amplitude mismatch between an 
I channel and a Q channel of the communica- 
tions receiver; 

detecting a phase control signal that results 
from a phase mismatch between the I channel 
and the Q channel, 

adjusting the relative amplitudes of the LOJ 
and the LO_Q signals in response to the ampli- 
tude control signal; and 

adjusting the relative phases of the LOJ and 
the LO_Q signals in response to the phase con- 
trol signal, wherein the adjustments to the rel- 
ative respective amplitudes and the relative re- 
spective phases of the LOJ and LO_Q signals 
operate to compensate for mismatch between 
the I channel and the Q channel thereby to re- 
duce the image response of the receiver. 

A method for adjusting the image response of a 
communications receiver as defined in Claim 6 
wherein the amplitude control signal is detected by 
multiplying an image signal, V s , M , by cos (co, F t) and 
the phase control signal is detected by multiplying 
v s,im °y sin where <d f is the angular interme- 
diate frequency (IF) of the receiver. 

In a communications receiver that includes (i) an I 
demodulation channel including an I demodulator, 
(ii) a Q demodulator channel including a Q demod- 
ulator, and (iii) a quadrature LO generator having 
an input terminal coupled to a source of LO signals 
and that provides an LOJ signal to the I demodu- 
lator and an LO__Q signal to the Q demodulator, a 
method of calibrating the receiver to compensate 
for mismatch between the I and the Q channels, the 
method characterized by: 

(a) during an interval during which information 
is not received by the communications receiver, 
applying an RF test tone to the input terminals 
of the I demodulation channel and the Q de- 
modulation channel; 

(b) time multiplexing a first LO signal and a sec- 
ond LO signal to the input terminal of the quad- 
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rature LO generator so as to simulate the ap- 
pearance of both a desired RF signal and an 
image signal at the input terminal of the com- 
munications receiver; 

(c) detecting a signal, V s tM , resulting from the 5 
response of the commu nications receiver to the 
simulated image signal; 

(d) extracting from V s , M an amplitude control 
signal that is proportional to the amplitude mis- 
match between the I and the Q channels and a 10 
phase control signal that is proportional to the 
phase mismatch between the I and the Q chan- 
nels; and 

(e) adjusting the relative amplitudes of the LO_l 
and the LO_Q signals in response to the ampli- 15 
tude control signal and adjusting the relative 
phases of the LO_l and the LO_Q signals in re- 
sponse to the phase control signal, wherein the 
adjustments to the relative respective ampli- 
tudes and the relative respective phases of the 20 
LO_l and LO_Q signals operate to reduce the 
image response of the receiver. 

9. A method of calibrating a receiver as defined in 

Claim 8 wherein the method is performed during 25 
time periods between reception of data packets. 
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